The data so far published on the diamagnetic susceptibilities of the alkaline halides, measured for the salts in the crystalline state, are very discordant and incomplete, as reference to Table I will show. The aim in carrying out these experiments has been twofold: firstly, to obtain a complete set of values for these salts and secondly to examine more closely than has hitherto been possible how rigorously the susceptibilities of simple crystalline salts are additive. It has already been established that the susceptibilities are approximately additive, but it has not been possible to test this with exactitude because of the large discrepancies between the results obtained by previous observers, and ( ) the lack of data for many crystals. The discrepancies may have arisen to some extent from the different experimental methods, some of which are more accurate than others and some of which may introduce errors peculiar to themselves. We have therefore made a complete re-determination of the susceptibilities of all the alkaline halides, using the same apparatus and method under the same conditions. Since any systematic experi mental errors will affect all our results to approximately the same extent, we shall be in a stronger position for testing the additivity of the sus ceptibilities than if we rely partly on our own and partly on other observers' results. Previous investigators have measured the susceptibilities of some compounds in the crystalline state and others in solution; the latter are of no help in connexion with our problem, for an examination of the available data suggests that solutions have susceptibilities higher by several per cent, than the corresponding crystals. We cannot, therefore, arrive at any certain conclusion by using results obtained partly for crystals and partly for solutions.
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Diamagnetic Susceptibilities Salts

2-M ethod
The method previously described* has been used to obtain a complete set of values for the susceptibilities of the alkaline halides. Although slight modifications have been made from time to time, the apparatus has * Hoare, 4 Proc. Roy. Soc., ' A, vol. 147, p. 88 (1934) . A misprint occurs on p. 93 of this paper. The value of Ka should have been given as ± 29 0 x 10-9 c.g.s. The correct value was used in the calculations. remained, in essentials, the same as when used for the measurement of the susceptibilities of the sodium and potassium halides.
All the salts used in this investigation were specially prepared and purified by British Drug Houses, L td.; an additional specimen of caesium iodide was obtained from Griffin & Tatlock. Before use, all the salts were carefully dried in a platinum dish. Measurements were made upon at least two entirely distinct samples of each salt, so that it is unlikely that errors have arisen from the salts being imperfectly packed in the specimen tubes.
For the lithium salts, the same specimen tubes were used as in the work previously described, but for the more expensive salts of rubidium and caesium, of which strictly limited quantities were available, tubes of smaller capacity were used. This enabled several packings of each salt to be employed without repeatedly using the same sample, and hence avoided possible contamination in extracting the salt from the tube and repacking it. Measurements for certain salts were made with two tubes, and their satisfactory agreement is sufficient guarantee that no systematic errors were introduced by the use of but a single tube in other cases.
3-D iscussio n of R esults
The results obtained in the course of the present investigation are given in the second column of Table I ; the ± sign indicates the average deviation from the mean. This column also gives the number of samples of each salt used for which entirely independent results were obtained; two measurements were made upon each sample. The results for caesium iodide from the two different sources were in excellent agreement.
The result for lithium iodide calls for special mention. This salt is difficult to prepare in the anhydrous state, and for these measurements only a hydrate was available. Taking the results obtained with this salt, and assuming the susceptibility of the water to be additive, a value of approximately 50 x 10~6 was obtained for the anhydrous salt. This figure has been adopted provisionally, but it is hoped that a specimen of the pure anhydrous salt will be available in the near future, when this result can be revised if necessary.
In Table I , the most recent results of other investigators for the sus ceptibilities of salts in the crystalline state are also given. The excellent agreement of three of Hocart's results with those of the present investiga tion can be taken as establishing the diamagnetic susceptibilities of these salts to an accuracy exceeding 1%, since Hocart confined his attention to an exact determination of the susceptibilities of a small number of crystal line salts. The general trend of the results given in the table indicates that Hocart's value for potassium iodide is probably low.
4-T he A d d itivity of D iamagnetic Susceptibilities
The simplest way to test the additive law of susceptibilities is to tabulate the results as in Table II and then take horizontal and vertical differences, A; these should be constant in horizontal and vertical lines if the sus ceptibilities are strictly additive. They are clearly not constant and therefore the susceptibilities are not strictly additive. A little consideration shows, however, that small experimental errors may be considerably over emphasized by this manner of presentation; consider, for example, the A values for the four salts NaCl, NaBr, KC1, and KBr, which are given in Table II as 10-9, 10 -4, 8 -6, and 8-1. If the four values of y are in error by 0 • 1, the NaCl and KBr values low by this amount and the NaBr and KC1 values high by the same amount, then the corrected A values become 10-7, 10 -6. 8 -4, and 8 • 3, i.e.,the two pairs of value more nearly constant. This example shows that errors as small as 0-1 in x (which are of the order of i%), distributed in an unf may produce variations in the A values of 0-4, four times as great as the original errors.
Apart from the smaller variations of A, however, there remains a number of larger variations which are unlikely to have arisen from experi mental errors; for example, the differences between CsCl and CsF and between LiCl and LiF are considerably smaller than between other chlorides and fluorides. The difference between RbF and CsF is greater than between the other Rb and Cs salts.
An explanation of these variations in the A values is to be sought in terms of the effects which the ions have on each other when they are packed together in a crystal lattice. Useful clues may be obtained from a consideration of other physical properties which are approximately additive, e.g., ionic packing sizes, or properties which might be expected to show a steady progression in passing from LiF at one extreme to Csl at the other, e.g., cohesive properties such as the melting-points.
Studies of interatomic distances in crystals by Goldschmidt,* Pauling,-j-Zachariasen,J and others have shown that in many crystals ionic packing sizes depend mainly on the magnitude of the Coulomb forces between adjacent ions and on the co-ordination number (the number of ions of one kind surrounding one of the opposite kind). Zachariasen, following similar methods to Pauling, has tabulated the packing sizes of ions, assuming them to be singly charged and having a co-ordination number 6, and has also tabulated the corrections to be applied for other charges and co-ordination numbers. Table III gives the packing radii of singly charged ions with co-ordination numbers 6 and 8, and compares the calculated and observed interatomic distances in the alkaline halides. The crystal structures of these salts are all of the rock salt type for which the co-ordination number is 6, with the exception of CsCl, CsBr, and Csl, which have the so-called caesium chloride type of structure with a co-ordination number 8. The good agreement between the observed and calculated interatomic distances indicates (a) that the packing sizes in most of these crystals are closely additive, and ( that Zachariasen's corrections of the packing sizes from co-ordination number 6 to 8 are fairly accurate.
The only crystals for which there are large discrepancies between the observed and calculated interatomic distances are LiCl, LiBr, Lil, NaBr (?), and Nal. Pauling has suggested the following explanation. According to Born's theory of ionic lattices, the principal forces between the ions are the Coulomb forces of attraction and repulsion, and the intrinsic repulsions between adjacent ions due to the overlapping of their wave functions. Since the latter vary as a high inverse power of the distance separating the ions, they are important only between adjacent ions which, in most of the alkaline halides, are pairs of positive and negative ions. But in a few crystals like Lil, owing to the small size of the positive ions, the negative ions are brought into specially close proximity and in consequence the intrinsic repulsions between pairs of negative ions become important and should strictly be taken into account, as Pauling has attempted to do, in explaining the observed interatomic distances. It may be noted that these additional repulsions produce larger interatomic distances than the values calculated by adding the appropriate radii, and appear to be important in LiCl, LiBr, Lil, NaBr (?), and Nal. • In view of these considerations, we shall first examine the susceptibilities of crystals having the rock-salt type of structure in which the negative ions are not in specially close proximity, we shall consider the following LiF NaF NaCl KF KC1 KBr KI RbF CsF
RbCl RbBr Rbl
It is not possible to obtain the susceptibilities of the individual ions directly from the experimental data; the problem is equivalent to trying to solve n simultaneous equations with (n + 1) unknown quantities. Various ways have been suggested for introducing an additional equation, but they are all open to serious objections. It is not essential to obtain the ionic susceptibilities, however, in order to test their additivity. If the diamagnetic susceptibility of the smallest ion, Li+, is taken as X 10-6, the susceptibilities of the remaining ions can be found in terms of x ; these are tabulated in Table IV and were obtained by attaching equal weight to the experimental results for the salts listed above. The results in Table IV can be compared with the experimental results on the assumption that the ionic susceptibilities are additive; the results are set out in Table V . A consideration of the data in this table shows that the susceptibilities are additive within the limits of experimental error in all the alkaline halides except LiCl, LiBr, Lil, and CsCl, CsBr, and Csl. In these exceptional cases, the observed susceptibilities are than those calculated, assuming additivity, and the differences are con siderably greater than can be attributed to experimental errors.
5-A D iscussion of the D eparture of D iam agnetic Susceptibilities from the A d d it iv it y L a w
It is seen that the departures from additivity coincide (a) with a change of crystal structure, ( b) with the near approach of the n crystals having small positive ions; in both cases the susceptibilities are lower than the values obtained by assuming additivity. It is of interest to consider first whether the lowering of the susceptibilities can be correlated with changes of the ionic packing sizes. In passing from the rock-salt type of structure to the caseium chloride type there is an increase in the ionic packing sizes. Also in LiCl, LiBr, and Lil, the additional repulsions between the negative ions make the effective packing sizes of the ions greater. Now in the case of free, spherically symmetrical ions, the gram-ionic susceptibility is given by the equation* Ne2 v -= where r* is the mean square distance of an electron from the nucleus and the summation extends over all the electrons; e, c, and N have their usual significance. If an increase in the packing sizes of ions led to an increase in Sr2 for ions in crystals, then there should be an increase in susceptibility. The experimental results show that there is a decrease in susceptibility with an increase of packing size and therefore the two cannot be directly correlated.
The next question to consider is the possible effect of deformations of the ions arising from their close proximity in the crystal lattice. A com parison of the susceptibilities of ions in dilute solutions and in crystals shows that the values for crystals are about 2%-5% less than the values for the corresponding solutions. It is also well establishedf that the susceptibilities of ions in crystals are less than the susceptibilities of free ions calculated theoretically. It may be said, then, somewhat empirically, that the deforming actions which the ions have on each other when packed into a crystal lower their susceptibilities. An increase of co-ordination number by increasing the number of deformations per atom is therefore * See, for example, E. C. Stoner, " Magnetism and Matter," ch. iv, sect. 3,  Methuen (1934) .
f Stoner, op. cit., ch. ix.
likely to decrease the susceptibility. This is what is found in CsCl, CsBr, and Csl. For Csl we have the following data: in aqueous solution, y x 106 = 92-5; for co-ordination number 6 (assuming additivity of the values in Table IV ), x X 10s = 85 -7; experimentally for co-ordination number 8, x x 106 = 82-6. The decrease in susceptibility for co ordination number 6 is 6-8 and for co-ordination number 8 is 9-1; the decrease in susceptibility is therefore approximately proportional to the co-ordination number, which is what would be expected if the decrease is due to deformations arising from " contacts " between adjacent ions. In the case of LiCl, LiBr, and Lil, the decrease of susceptibility cannot be correlated with an increase of co-ordination number but, owing to the special conditions existing in these crystals, there is effectively an increase in the number of " contacts " per atom. In LiCl, for example, there are surrounding each Cl-ion, six Li+ ions and also eight Cl-ions which approach very closely; in other chlorides the positive ions are sufficiently large to keep the negative ions well spaced. In LiF the F _ ions, which are considerably smaller than Cl-ions, are not brought into specially close proximity. It would appear, then, that the decreased susceptibility of LiCl, LiBr, and Lil arises from the deformations produced by the near approach of the negative ions.
6-D erivation of Ionic S usceptibilities
As mentioned in the previous section, ionic susceptibilities cannot be derived directly from a series of results for binary compounds without the introduction of an additional assumption. A number of methods has been suggested for doing this, but they are all open to objection. Joos* first suggested dividing the susceptibility of a salt formed of similar ions, e.g., Csl, in the ratio of the squares of the atomic numbers. This procedure lacks justification for the following reason: the gram-ionic susceptibility for spherically symmetrical atoms is given by
For a single electron in the field of a nucleus of charge Ze, r2 is proportional to 1 /Z2, but for an atom containing many electrons such is not the case, because of the screening of outer by inner electrons. This is very important, because it is the outer group of electrons which contributes mainly to the diamagnetic susceptibility. The use of effective nuclear charges with the correct weight attached to each electron shell, as was * ' Z. Physik,' vol. 19, p. 347 (1923); vol. 32, p. 835 (1925) .
first suggested by one of us,* improves the method considerably; but uncertainties still remain, for, in the first place, it involves the use of an atomic model and, secondly, it involves the assumption that results calcu lated for free atoms and ions can be applied to ions in crystals. The latter assumption is specially doubtful because susceptibilities depend mainly on outer electrons, and these will be more affected than inner electrons when atoms are packed into crystals. Susceptibilities have been calculated by Pauling,f using hydrogen-like wave functions, by Stoner, % using Hartree's wave functions, and by Brindley, § using Slater's wave functions. A full discussion of these results has been given recently by Stoner. 1 1 The figures obtained from Slater's wave functions show the best agreement with experimental results for crystals; but this must be regarded as to some extent fortuitous for the reasons given above. Another method has been used by Weiss, based on the value of the susceptibility of HC1 in aqueous solution, but it involves a rather uncertain correction for the effect of the dissolved H+ ions on the susceptibility of water; in any case the susceptibilities of solutions and crystals are not directly comparable. Angus** has recently calculated the susceptibilities of a large number of atoms and ions by the use of a modified form of Slater's method for obtaining approximate wave functions. The modification, however, is scarcely justifiable. The screening constants and effective quantum numbers given by Slater require that no distinction shall be made between s and p sub-groups with the same total quantum number; Angus separates these groups while retaining Slater's values. He also assumes, in effect, that s electrons in an s, p group are not screened by the p electrons, which cannot be strictly true. There is, of course, no objection to the separation of s and p electrons, but a modification of Slater's scheme would be required.
In view of these difficulties, we suggest the following method which appears to suffer from fewer objections than other methods. . For the gram-ionic susceptibility of Li+ in LiF the value 0-7 x 10~6 is assumed. This figure is arrived at from consideration of the following results: Pauling, using hydrogen-like wave functions, has given the value O'63 x 10-6; Stoner, using Hartree's wave functions, has obtained * * * § * * * Brindley, ' Phil. Mag.,' vol. 11, p. 786 (1931).  t ' Proc. Roy. Soc.,' A, vol. 114, p. 181 (1927) Radium,' vol. 1, p. 185 (1930) . ** ' Proc. Roy. Soc.,' A, vol. 136, p. 569 (1932) . 0-70 X 10~6, and Brindley, using Slater's wave functions, has obtained 0-67 x 10-6. Since the susceptibility of Li+ is very small, quite a large percentage error in the value assumed will have little effect on the results for other ions. Using this value for Li+ in conjunction with the data of Table IV , the values given in Table VI are obtained for the ionic sus ceptibilities. Finally, we wish to thank Professor F. H. Newman for his continued interest in this work, and Dr. E. C. Stoner, who has read the manuscript of the paper and made several useful suggestions.
7-Conclusions a n d Summary
This is the second of a series of papers on the diamagnetic susceptibilities of salts containing ions of rare gas type. This paper gives experimental results for the halides of lithium, rubidium, and caesium and discusses them in conjunction with results given in Part I for sodium and potassium halides. The experimental results are summarized in Table I ; out of# these 20 compounds, measurements for 10 of them have not previously been made. With these data we have been able to make a more thorough test of the additivity of diamagnetic susceptibilities than has hitherto been possible. It is shown that the susceptibilities are not additive throughout this series of salts and that the additivity law breaks down chiefly for LiCl, LiBr, and Lil, and CsCl, CsBr, and Csl. For the remaining salts the susceptibilities are additive within the limits of experimental error. The departures from additivity are considered in relation to similar results for ionic packing sizes; it is suggested that the low values found for the susceptibilities of the Li and Cs chlorides, bromides, and iodides are due to deformations of the ions produced {a) by the unusually close approach of the negative ions in LiCl, LiBr, and Lil, and ( ) by the change of crystal structure in CsCl, CsBr, and Csl. A series of ionic susceptibilities is derived for ions in crystals of the rock-salt type in terms of Li+ = 0-7 x 10-6.
